Abstract: Diagnosis of malaria is important for its medication and treatment. An automatic compact diagnostic tool will be advantageous especially for healthcare personnel working in developing countries, which lack trained professionals and high-quality equipments. Digital holographic microscopy is one of the advanced techniques for quantitative evaluation of cells, providing cell thickness information directly. This information obtained by interferometric comparison can be used to identify as well as to compare cells. Here, we describe the use of digital holographic interferometric microscopy (DHIM) with numerical focusing for automatic identification of malaria-infected red blood cells (RBCs). Identification is done by comparing its shape profile with that of a healthy RBC. A correlation function was used to separate healthy and malaria-infected RBCs.
Introduction
Malaria is one of the most widespread and potentially fatal diseases especially in Africa and Asia. A correct diagnostics of malaria is essential for proper medication and cure. Main clinical diagnostics of malaria is based on microscopic inspection of blood smears, treated with reagents, which stains the malarial parasites. A technician visually inspects these smears to identify malaria-infected red blood cells (RBCs). In developing countries, visual identification of malarial RBCs may become unreliable due to lack of sufficiently trained technicians and poor-quality microscopes and reagents. Also, in remote areas, malaria diagnostics could benefit from the use of portable and easy-to-use instruments to automatically discriminate between malarial and healthy RBCs.
Interference techniques (two-beam, single-beam, common path) can be used for quantitative phase-contrast imaging [1] - [17] . The phase will provide thickness information of the cell. Digital holographic microscopy (DHM) is an effective tool for 3-D imaging of micro-objects [1] - [9] . This technique is based on electronic recording of holograms and their numerical reconstruction by simulating diffraction. Added advantage of this technique is numerical focusing, allowing one to focus on to any desired object plane [9] . Interferometric comparison of phases at the image plane obtained from the recorded holograms with the object present and with just the background provides object phase information. This can be converted into thickness information of the cells [2] , [3] , [7] , [8] , and then, numerical focusing provides thickness profile at desired planes, supplying additional information about the cell [9] . Recently, malaria-infected RBCs have been investigated in detail with quantitative phase microscopic techniques [12] , [13] . Diffraction phase microscopy has also been used for blood screening [14] , [15] . In these investigations, different cell parameters like its volume and hemoglobin content were extracted and used for screening of the cells.
Here, we describe the use of quantitative DHM for automatic identification of malaria-infected RBCs by comparing their shape profiles at different axial planes. A correlation algorithm discriminates between the shapes of the cells and determines whether the cell is infected by malaria parasite. Shape comparison is fast and was found to yield fairly accurate discrimination. Fig. 1 shows the digital holographic microscope used in investigating RBCs. A random linearly polarized He-Ne laser source providing CW output at 611 nm and maximum output power of 2 mW was utilized in the experiments. The laser beam was expanded and collimated. This was then split into two using a nonpolarizing beam splitter. One of the beams acts as the reference beam, and the other beam is condensed and passed through the object under investigation. A microscopic objective (Oil immersion, 100Â, NA ¼ 1:25) magnifies the object. A CCD (AVT Guppy-146C having 8-bit dynamic range, and 4:65 Â 4:65 pixel size) camera was used for recording intensity patterns. The object beam and the reference beam were made to interfere at the CCD camera using a Mach-Zehnder configuration. A similar kind of focusing lens and microscopic objective is introduced in the object beam path to match the curvatures of the beams, and a slight angle is introduced between the object and reference beams to achieve off-axis geometry.
Digital Holographic Interferometric Microscope
Once the holograms were recorded, it remains to reconstruct the object wave. This was achieved by simulating the diffraction of the reference beam occurring at the microstructures of the recorded hologram using scalar diffraction integral [18] . Since the digitally recorded holograms are discrete in nature (finite pixel and array size), a discrete form of the diffraction integral was used [1] . Here, since short-distance propagations are involved, an angular spectrum approach to the diffraction theory was used for reconstructions [6] , [7] , [18] . For microscopy of phase objects, the angular spectrum propagation (ASP) approach also makes a compact experimental setup possible. An added advantage of this method is that it can separate out the different diffracted components in the frequency domain, and hence, there will not be overlap between these components at the reconstruction plane [6] .
Thickness Determination of RBC
Holograms of the RBC as well as the surrounding medium were recorded and reconstructed. Phase obtained from the reference hologram is numerically subtracted from the phase obtained 
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where n o and n r are the constant refractive index of RBC and blood plasma (surrounding medium), respectively, and L is the thickness at a given point. Effective refractive indices of 1.42 and 1.34 for RBC and for the surrounding medium (plasma), respectively, were used to convert phase information into thickness information [19] . It should be noted that the thickness of the RBC was computed after unwrapping the phase distribution using the Goldstein branch-cut method, and this step can be avoided by using a multiwavelength approach [20] , [21] . Blood samples were collected from healthy individuals and from individuals detected with severe malaria. These samples were centrifuged to separate malaria-infected RBCs. Thin blood smears were formed on a glass slide, and they were covered with a cover slip. And their holograms were then recorded. Fig. 2 shows the obtained thickness profile for a healthy RBC and its crosssectional profile using DHIM. Doughnut shape of RBC is quite visible in the thickness profile. The analysis of the RBCs (healthy and malaria) was done by comparing single plane or multiple planes of healthy and diseased RBCs. Selection of different planes was done with the help of numerical focusing.
Cell Identification
Before identification, location of the cells in the field of view has to be determined. This is obtained from the thickness profile (average thickness of a healthy RBC in our case was between 1.5 m and 2.2 m). In the region where no cell is present (background), variation in thickness should be ideally zero. But due to variations occurring in the experimental setup between exposures, reconstructed phase will change, and it will reflect as a variation in thickness. The standard deviation of computed thickness in the region where no cell is present is the axial resolution of the system, and, in the present case, it was found to be less than 16 nm [see Fig. 2(d) ]. So by thresholding the thickness distribution by the resolution of the system, location of the cells can be automatically determined. Type of the RBC (healthy or malaria infected) was determined by finding the correlation between the cell shapes. The most familiar measure of dependence between two quantities, in the present case thickness distributions, is the Pearson product-moment correlation coefficient or BPearson's correlation.[ The sample correlation coefficient between two random variables X and Y is determined using
where x and y are the sample means of X and Y , and S x and S y are the sample standard deviations of X and Y . In the present case, X and Y represent the thickness variation at a particular image plane for two cells. Other types of correlation measures based on filters can also be used [22] .
Identification Using Single Reconstruction Plane
Initially, identification was done using thickness information from a single axial plane (image plane) (see Fig. 3 ). In the present study, 43 healthy and 43 malaria-infected RBCs were used to form a database. Thickness distributions of the RBCs at the best focus plane were compared. Fig. 4 shows the reconstructed phase maps and the cross-sectional profiles at the image plane for four different healthy RBCs. For all the RBCs, the image plane corresponded to the recording plane. Phase-contrast images for the malaria-infected RBC along with the cross-sectional profiles are shown in Fig. 5 .
From Figs. 4 and 5, it is evident that the shape of the healthy RBC is different from that of the malaria-infected RBC. Healthy cells were found to have a doughnut-shaped profile, and most of the cells with malaria parasite had a convex-shaped profile. So comparing the shape of an unknown cell with the shape of healthy cells and setting a threshold for the correlation coefficient, it is possible to differentiate between healthy and malaria-infected cells. First, shape comparison of healthy RBCs with each other was done, and the average correlation coefficient was calculated for each cell. Same procedure was repeated for the malaria-infected RBCs. Then, healthy RBCs were compared with malaria-infected RBCs, and again, the average correlation coefficient was calculated. Fig. 6 shows the variation in the average correlation coefficient for different cell combinations. A threshold of 0.88 yielded the best discrimination probability and least false positive rate. With this threshold, 69% malaria-infected RBCs could be correctly identified by comparing it to the shape of healthy cells (green rectangles). False positive and false negative rates for this case were 2.7 out 10 and 3 out of 10, respectively. Table 1 shows the mean of the obtained correlation coefficients using data from single and multiple reconstructed planes as well as their standard deviations.
Identification Using Multiple Reconstruction Planes
If the two cells have same shape, it should lead to a normalized correlation value of 1. But no two cells have identical shape even though they are from the same class, and this will give rise to a correlation value less than 1. So if information from a single reconstructed plane is used for identification purpose, it may lead to an error. A better way is to find the correlation between multiple axial planes of the cell (see Fig. 7 ). The thickness information at different cell axial planes is obtained using the numerical focusing. A database for healthy and malaria-infected RBCs was constructed using information from multiple axial planes. Correlation between the corresponding axial planes of the cells is then computed. The average of shape correlations at all the axial planes Fig. 6 . Average correlation coefficient from shape comparison of different cell pairs using data from a single reconstruction plane (h healthy, r malaria infected, ------threshold). is then taken as the correlation coefficient between the cells to be examined and the cells from the database. In the present case, thickness at 20 axial planes separated by 0.12 m were computed to construct the database. Figs. 8 and 9 show the phase-contrast images at 10 axial planes for a healthy RBC and for malaria-infected RBCs, respectively. Fig. 10 shows the average correlation coefficient for different cell combinations obtained using information from multiple axial planes. Here also, a threshold of 0.88, which yielded the highest probability of correct classification, was used. It can be seen that (compared with Fig. 6 ) the probability of correct classification has now increased to 84% and false positive and false negative rates reduced to 1.1 out of 10 and 1.6 out of 10, respectively. Also, correlation coefficients for healthy-healthy combination increased to around 0.92, and the correlation between the shape of malaria and healthy cells reduces to 0.82, making the probability of correct classifications higher (see Table 1 ). Our experiments indicate that use of thickness information at multiple axial planes will lead to a better probability of identification. Obtained correlation coefficient and their standard deviation (SD) for different cell combinations as well as the classification probability Fig. 7 . Cell identification using multiple axial planes. 11 shows the receiver operating characteristic (ROC) curves for the detection of malariainfected RBCs using the described technique. Individual points on the ROC space represent probability for false positive (FP) identification and true positive (TP) identification.
Refractive index of blood plasma and the RBC could vary from person to person. To determine the effect of variation in refractive index on the discrimination process, simulations were carried out. For simulations, RBCs were modeled as hemispherical objects with a depression at the center. Malarial parasites were modeled as spheres having refractive index different than that of plasma and RBC. They were introduced at random positions inside the RBCs. A variation of up to 5% was also introduced to the refractive index of RBC, plasma, and the malarial parasite for each simulated cell (for both healthy and malaria-infected cells). Holograms of these objects were simulated, and then, the thickness profiles were computed with constant refractive index for plasma (1.34) and the cell (1.42). The probability of discrimination was found to be 86% using these refractive index values. With the correct refractive index values, the results improved to about 91%. It shows that the use of constant refractive index results in higher error in the discrimination probability. Simultaneous determination of refractive index and thickness may then result in improved discrimination probability [14] . But since the main aim of this work was to develop DHM as an automatic tool for identification of malaria, this aspect was not considered. 
Conclusion and Future Scopes
Integration of DHM for sensing RBCs and correlation algorithms applied to the data has the potential to be an automated technique that can discriminate between different classes of RBCs. Comparison of the shape of the test cell with the database of healthy and infected cells may indicate whether the cell is healthy or not. Our experiments show that by using thickness profile from multiple axial planes, the recognition performance can be improved. Future of the work lies in using the technique to study other diseases affecting RBCs. Also, the use of extended focus imaging to extract information along the focus in a single shot will make the method faster [23] . A database of healthy and diseased cells can be made, and a test cell can be compared with this database to determine its state of health.
